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We analyze the possibility of observing CPT violation in the top sector. We present current
bounds on CPT violation in this sector, and analyze the prospects of improving these bounds at
the LHC.
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INTRODUCTION
The discrete symmetries of charge conjugation (C),
parity (P ) and time reversal symmetry (T ) were long
believed to be exact symmetries. However, as is well
known, the weak interactions were found to violate C and
P maximally [1, 2]. While the product CP seemed to be
conserved, evidence for CP -violation was later found in
kaon decays [1, 3]. On the other hand, the triple product
CPT has never been seen to be violated in any experi-
ment, and in fact, there are several important tests that
constrain the magnitude of CPT violation in various sec-
tors of the Standard Model.
However, given our past experience with discrete sym-
metries, it is important to actively search for potential
CPT -violating effects. Many well-motivated extensions
of the standard model have such effects [4]. String the-
ory is inherently a nonlocal theory, and may well be a
source of CPT violation [5]. Noncommutative theories
[6] explicitly break Lorentz invariance, and hence could
break CPT . Models of ghost condensation [7] also spon-
taneously break Lorentz invariance.
There are also some experimental motivations for con-
sidering models with broken CPT . In particular, CPT
violation in the neutrino sector has been proposed as an
explanation for the combined LSND, atmospheric and
solar oscillation data [8].
Finally, we note that CPT violation is an unambigu-
ous signal of new physics because this discrete symmetry
is automatically conserved by any local relativistic quan-
tum field theory [9]. Therefore it is very interesting to
check whether this is truly an exact symmetry of the
Standard Model.
It is particularly interesting to search for CPT viola-
tion in the top quark sector. The top quark is the most
massive known elementary particle, and the only fermion
with an unsuppressed coupling to the electroweak sym-
metry breaking sector. This suggests that it may also
probe CPT violation to a greater degree than the other
fields of the Standard Model. There are no current
bounds on CPT violation in this sector, and in this pa-
per, we will present the first such bounds, and analyze
the best direction for further improving them.
A difference in the masses and lifetimes of a parti-
cle and its antiparticle is a model independent signa-
ture of CPT violation. For any particle a, with an
antiparticle a, we can parametrize CPT violation for
that particle by the dimensionless quantity RCPT (a) ≡
2(ma − ma)/(ma + ma). Bounds on this quantity for
various particles are given in Table I.
Particle (a) RCPT (a) ≡
2(ma−ma)
ma+ma
W+ (−2± 7)× 10−3
e+ < 10−9 (90% c.l.)
pi+ (2± 5)× 10−4
K+ (−0.6± 1.8) × 10−4
K0 < 10−18 (90% c.l.) *
p < 10−8 (90% c.l.) *
n (9± 5)× 10−5
TABLE I: Experimental constraints on the fractional mass
difference between particle (a) and antiparticle (a) for various
particles: RCPT (a) ≡ 2(ma−ma)/(ma +ma) . The * means
that the constraint applies to the absolute value |RCPT | [1].
In this paper we will focus on the measurement of
RCPT (t) ≡ 2(mt−mt)/(mt+mt) [10, 11]. In the follow-
ing sections, we will describe various methods for mea-
suring a difference between mt and mt in top anti-top
events at colliders. We study the di-lepton channel, and
also the semileptonic channels, which appear to be more
promising. We find the first bound on RCPT (t) using
Tevatron data, and discuss future prospects for improv-
ing these bounds at the LHC and ILC.
DI-LEPTON CHANNEL AT HADRONIC
COLLIDERS
Di-lepton events occur through the decay tt→W+(→
l+ν) bW−(→ l−ν) b, with l = e or µ. This decay mode
has been used at the Tevatron to measure the top quark
pole mass assuming an identical mass for the top and
2anti-top quarks. If the masses are different, this can po-
tentially be seen in the di-lepton channel.
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FIG. 1: Schematic example of the top and anti-top decays in
the dilepton channel.
The signature of a di-lepton event consists of two iso-
lated leptons with high transverse momentum (pT ), high
missing transverse energy (Emiss
T
) due to the undetected
neutrinos and two jets coming from the b-quarks (j
b
and
jb). The background comes from bb, W
+W−+jets and
Z/γ(→ l+l−)+jets production, and can be reduced by
appropriate cuts. For instance, CDF requires ml+l− /∈
(75, 105) GeV in order to exclude Z → l+l−X events [12].
After these cuts are imposed, the remnant background is
dominated by the Drell-Yan Z/γ(→ l+l−) events.
Several indirect methods have been used to reconstruct
the top mass using di-lepton events. For instance, one
technique takes advantage of the correlation between the
energy of the two leading jets (from the b and b quarks)
and the top mass (or anti-top) [12]. However in this
analysis, it is implicitly assumed that the top and anti-
top masses are the same, and hence one will measure the
average value mtt = (mt+mt)/2. It is difficult to obtain
an estimate of a mass difference using this technique.
A better approach is to use the invariant mass of the
lepton and b quark coming from the single decay of the
top (or the CPT conjugate process for the anti-top). The
value of mt can then be estimated using the expression
[12]:
mt
2 = m2W + 2〈m
2
ℓb〉/[1− 〈cos θℓb〉] , (1)
where terms involving lepton and b quark masses have
been neglected. Here 〈m2ℓb〉 is the squared mean invari-
ant mass of the lepton and b-jet. The mean value of
〈cos θℓb〉, the angle between the lepton and the b-jet in
the W rest frame, can be evaluated from the SM tree-
level calculation: 〈cos θℓb〉 = m
2
W /(mt
2 + 2m2W ).
In general, it is not possible to determine which lepton
(l+ or l−) should be paired with each b-jet (j
b
or jb).
A simple criterion, which provides a correct pairing close
to 75% of the time, consists of selecting the pairing with
smaller value of 〈m2ℓb〉 (the performance of this method
is improved for the LHC with respect to the Tevatron
[12, 13]). So this method could be sensitive to a dif-
ference between the top and anti-top mass. Indeed the
reconstructed mass distribution should show two differ-
ent peaks, and can be observed in collider experiments if
the mass difference is large enough.
FIG. 2: Reconstruction of the top mass from the eight di-
lepton events collected by the CDF Experiment (solid) in
relation with the 1.3 expected background events distribu-
tion (shaded) and the additional 6.7 top Monte Carlo events
(dashed). See [14] for details.
We can find a constraint on the mass difference be-
tween the top and anti-top using the data accumulated at
CDF [12] from 1992 through 1995. (While there appear
to be two peaks, the uncertainties are large, and in any
case, the analysis in the semileptonic jet channels rules
out the possibility that this is due to a mass difference.)
The analysis using the above technique is consistent with
the same mass for top and anti-top, i.e. with only one dis-
tribution peaked at: mt = mt = 163± 2(stat.)± 9(syst.)
GeV.
We can estimate RCPT (t) adding directly the uncer-
tainties in order to be conservative. At 95% confidence
level, we find |RCPT (t)| < 0.13. This bound is domi-
nated by the systematic errors, which come mainly from
the uncertainties in the jet energy scale and the shape of
the background distributions [12].
We can also estimate the sensitivity of future experi-
ments to RCPT (t). For the LHC, with an integrated lu-
minosity of 10 fb−1, the expected statistical uncertainty
on mt using this technique is estimated to be ±0.9 GeV.
Systematic errors from initial and final state radiation
together are about 1 GeV. An uncertainty of the jet
energy scale of 1% will produce a systematic error of
about 0.6 GeV [13]. Therefore one can expect a sen-
sitivity |RCPT (t)| ≃ 0.026 at the 95% c.l. (supposing
mtt ≡ (mt − mt)/2 = 174.3 GeV[1]). Thus the LHC
data could be sensitive to a difference of order 4.5 GeV
between the top and anti-top masses.
Other techniques may also be used to measure the top
mass. For example, one can use the invariant mass dis-
tribution of the two leptons (ml+l−) in tri-lepton events
[13] to measure the top mass. In fact, it is possible to
3obtain a more precise measurement by using all available
information in the event [14, 15] (See Figure 2).
The use of these techniques to measure the top mass
could improve the bound on RCPT (t). However the
current bounds cannot be translated to RCPT (t) in a
straightforward way. The analysis should take into ac-
count from the beginning the possibility of a difference
between the top and anti-top masses, eliminating the con-
straint m(l+νb) = m(l−νb), which is usually assumed in
such reconstruction techniques [14, 15].
LEPTON PLUS JETS CHANNEL AT HADRONIC
COLLIDERS
In any case, it is more promising to consider semilep-
tonic decays, where one of the W decays into leptons
and the other into hadrons: tt → W+(→ l+νb) bW−(→
qq′) b. The invariant mass of the three jets coming from
the top (mjjb≡ mjqjqjb) or anti-top (mjjb≡ mjqjqjb) has a
peak at the top (mt) or anti-top (mt) mass respectively.
The leptonic part of the decay can be used to tag the
event, which is characterized by an isolated lepton with
a high pT and large E
miss
T
coming from the undetected
neutrino.
In addition proper cuts must be imposed to reduce the
background, which is given by the following processes: bb,
Z(→ l+l−)Z(→ qq), W (→ lν)Z(→ qq), W (→ lν)W (→
qq), Z(→ l+l−) + jets, W (→ lν) + jets and W (→ lν)qq
[16, 17]. At the Tevatron, the selection criteria require at
least four jets in each event, which must satisfy ET > 15
GeV and |η| < 20.
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FIG. 3: Schematic example of the top and anti-top decays in
the lepton plus jets channel.
There are twenty-four distinct ways to assign these four
jets to the four partons q, q′, b and b. The CDF and
D0 experiments select the combination with a minimum
value for χ2 in their statistical analysis of the process
[18, 19]. Furthermore, the two jets with an invariant
mass closest to mW can be associated to the W → qq
decay, and the jqjqjb or jqjqjb combination having the
highest pT can be associated to the top or anti-top decay
[20]. With sufficient resolution, therefore, we should find
two peaks (if mt and mt are different) when we plot the
events as a function of the invariant mass mjjb (See
Figure 4).
The CDF and D0 experiments find consistent results
with the assumption that mt = mt. Their analysis uses
the relations:
m(t→ l+νb) = m(t→ qq′ b)
m(lν) = mW (2)
m(qq) = mW .
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FIG. 4: Invariant massmjjb distributions from full simulation
for the LHC for the lepton plus jets channel in top anti-top
production [13].
(We know that the W+,W− masses are very similar
from other experiments (see Table I), but a more de-
tailed analysis of RCPT (t) should eliminate the first of
the above equalities.)
We can now find a bound on the absolute value of
RCPT in a manner similar to the previous section. In
this case, we find a stronger constraint, as shown in Ta-
ble II. The constraints are dominated by the systematic
errors due to our conservative approach. The major con-
tributions to these errors come from the uncertainties in
the jet energy scale and in gluons with high transverse
momentum [18, 19].
Experiment |RCPT (t)| (95% c.l.)
D0[18] < 10.9 × 10−2
CDF[19] < 10.1 × 10−2
TABLE II: Estimates of the present experimental constraints
on the absolute value of the difference mass ratio between top
(t) and anti-top (t): RCPT (t) ≡ 2(mt −mt)/(mt +mt). The
numbers listed above are upper bounds from the lepton plus
jets channel on this ratio at 95% c.l.
The systematic errors on the top and anti-top mass
measurement will be reduced at the LHC down to 1 GeV
by using top and anti-top samples with high pT [21, 22].
The special topology of such a sample reduces the com-
binatorial errors and backgrounds. ATLAS performed
4a preliminary study of this possibility reconstructing
mt or mt from the three jets in the one hemisphere
(mt=mjjb or mt = mjjb) and by summing up the en-
ergies in the calorimeter towers in a large cone around
the top direction. The analysis is similar to the inclusive
case; a mass difference will show up as a double peak in
the mass reconstruction.
A typical sample of 104 events for an integrated lumi-
nosity of 10 fb−1could be collected leading to a statistical
error of ±0.25 GeV, which is well below the systematic
uncertainty (see e.g. [13], where mt= mt is supposed).
Repeating the analysis of the previous section, the ex-
pected sensitivity is found to be |RCPT (t)| ≃ 0.014 at
95% c.l. or equivalently, mt −mt ≃ 2.4 GeV.
PROSPECTS FOR THE LINEAR COLLIDER
At the Intenational Linear Collider, the top quark mass
can be determined with a precision of the order of 100
MeV with only 11 fb−1 of data using threshold scan anal-
yses [24]. This mass is determined directly by the acceler-
ator energy at which one sees the onset of tt production.
However, this study cannot be used to determine a mass
difference between top and anti-top, since the threshold
depends on the sum of both masses.
However, at the ILC, it is possible to study the same
analyses that we have performed for hadronic colliders,
i.e. the lepton plus jets and the di-lepton channel. There
are fewer studies about the determination of the top mass
in these channels since they have less precision than the
threshold scan. However the collision energy is smaller,
this collider has several advantages such as its cleaner
experimental environment, the possibility of polarized
beams and tunable collision energies [23]. For these rea-
sons, we expect an increase in the statistical uncertainties
but a decrease of the systematic ones [25]. The system-
atic errors are most important (at least in our conserva-
tive approach) and this leads to a small improvement of
the sensitivity in relation to the LHC, but always at the
order of 1 per cent for both channels.
CONCLUSIONS
We will learn a great deal about particle physics in
the next few years. We can expect several surprises at
the LHC and at the proposed International Linear Col-
lider. Furthermore, precision measurements inside the
top sector are just beginning with the second run at the
Tevatron.
In this note, we have studied the possibility that
these new experiments will observe CPT violation in the
top sector. We have analyzed the viability of a mea-
surement in the mass difference between top and anti-
top, which we have parameterized through RCPT (t) ≡
2(mt − mt)/(mt + mt). We have estimated the cur-
rent constraints on this parameter from Tevatron Run I
data. This analysis shows constraints around 10% com-
ing mainly from the lepton plus jets channel, as shown
in Table III.
Process |RCPT (t)| (95% c.l.)
l + l < 13× 10−2
l + jets < 10× 10−2
TABLE III: Estimates of the present experimental con-
straints on the absolute value of the difference mass ratio be-
tween top (t) and anti-top (t): RCPT (t) ≡ 2(mt−mt)/(mt+
mt). The numbers listed above are upper bounds on this ra-
tio at 95% c.l from the data collected at Tevatron in the top
anti-top production.
We have also estimated the sensitivity of the LHC to
RCPT (t), and have shown that the constraints can be
improved by an order of magnitude over current values.
The ILC would be able to improve the LHC precision but
not as much as for the determination of the sum of top
and anti-top masses.
A challenge for these future collider experiments is to
check CPT invariance in the top sector with an accuracy
of 2% or better. For RCPT we have argued that this ob-
jective could be achievable if all sources of uncertainty
are kept to the order of 1% level. A more detailed anal-
ysis and estimation of the systematic uncertainties is in
progress.
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